Summary. Twelve insulin deficient Type 1 (insulin-dependent) diabetic subjects were studied over an 11'A h period during both subcutaneous insulin therapy and closed loop insulin delivery, using a glucose controlled insulin infusion system (Biostator) programmed to maintain normoglycaemia. Results were compared with those from 21 age and weight-matched normal subjects. Using the Biostator, normoglycaemia was achieved in all diabetic subjects within 3.5 h and normal profiles maintained thereafter. Blood metabolite and hormone values were evaluated during the subsequent 8 h normoglycaemic period. Subcutaneous therapy resulted in abnormal glucose levels throughout the study period (mean 8 h value 8.3 + 0.7 compared with 5.6 _+ 0.3 mmol/1 on feedback control and 5.5. + 0.1 retool/1 in normal subjects). The mean value of lactate and pyruvate over the final 8 h period was 25% higher in diabetic patients than in normal subjects with no difference between the two insulin treatments (blood lactate: 0.94 _+ 0.04 on subcutaneous insulin, 0.91 + 0.04 on feedback control and 0.74 + 0.03 mmol/l in control subjects). The pre-prandial peaks of blood glycerol and plasma non-esterified fatty acids were significantly decreased or absent during both feedback control and subcutaneous therapy in comparison with the normal subjects, whereas after the midday and evening meals, total ketone body levels were significantly higher in the diabetic patients. Peripheral serum free insulin levels were two-to fourfold greater in the diabetic than in the normal subjects. There were no significant differences between levels in diabetic patients receiving subcutaneous insulin or on the Biostator. Glucose turnover (1600-1800 h) was normal on feedback control (1.41 + 0.20 versus 1.55 + 0.18 mg. kg -1 9 min -1 in the normal subjects) but was significantly decreased during subcutaneous insulin (1.04 + 0.09 mg. kg -~ 9 min 1). There was, in addition, a decrease in glucose recycling during both subcutaneous insulin therapy and feedback control in the diabetic subjects. These data suggest that although fine control of glucose metabolism both in terms of circulating concentrations and rates of production can be achieved by feedback-control, insulin infusion by the peripheral route is associated with significant metabolic abnormalities, at least in the short term. Longer term studies and examination of portal insulin delivery seem warranted.
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The development of the so-called artificial pancreas (glucose controlled insulin infusion system; GCIIS) allows more effective insulin delivery in diabetic subjects, first because insulin is infused directly into the circulation and second because the infusion rate is geared to the blood glucose level and to the rate of change of glucose [14] . Using the GCIIS, normoglycaemia has been achieved under a wide range of conditions [5] [6] [7] [8] [9] . The subcutaneous route of insulin administration, on the other hand, often fails to match the post-prandial insulin requirements of the diabetic subject, due to slow absorption of insulin, and leads to inappropriate concentrations of circulating insulin in the post-absorptive state [10] . This is accompanied by abnormalities in many circulating metabolites [10] .
In the natural state, insulin is secreted into the portal rather than the peripheral venous circulation. It has been reported that such peripheral infusion of insulin results in raised peripheral insulin levels and, despite the achievement of normoglycaemia, fails to normalise certain aspects of intermediary metabolism [11, 12] .
Some of these reported abnormalities could have been due to inappropriate insulin administration due to the algorithms used to programme the insulin infusion 0012-186X/82/0023/0220/$01.80 Tables (1967) Assessed by C-peptide measurements 1 h after breakfast system. In addition, no attempt has been made to correlate changes in anti-insulin hormone concentrations, other than glucagon, with the metabolic abnormalities. The aims of the present study were: 1) to establish whether or not circulating intermediary metabolites and hormones could be normalised in the short term in Type 1 diabetic patients made normoglycaemic with a closed-loop insulin system; and 2) to determine whether not only blood glucose levels but also glucose turnover and recycling could be made normal by peripheral insulin infusion.
Materials and Methods

Subjects
Twelve patients with Type 1 diabetes and 21 non-diabetic normal subjects were studied for a period of 11 ~ h. None had evidence of hepatic disease as assessed by routine liver function tests and plasma creatinine was within the normal range in all patients and normal subjects. Patients were selected from the diabetic clinic on a random basis, providing that they had no other diseases, fitted the selection criteria and were willing to participate. None received drugs other than insulin in the 10 days preceding study. Details of patients and normal subjects are shown in Table t . Groups were sex-matched. No difference in metabolic response was found between males and females in either group so that data for the two sexes have been pooled. Mean weights and ages were similar in the two groups. Endogenous insulin secretion was absent in all but two of the diabetic patients, in whom values at the detection limit of the assay (0.06 pmol/l) were found after a meal. These two subjects showed identical metabolic responses and free insulin changes to the rest of the study group. The protocol used was reviewed and approved by the local Ethical Committee and radioactive turnover experiments were approved by the Isotope Advisory Committee of the Department of Health and Social Security. The purpose and possible risks of the procedure were explained fully to each subject before obtaining his voluntary consent.
Glucose Controlled Insulin Infusion System
The glucose controlled insulin infusion system (Biostator System, Life Science Instruments, Miles Laboratories, Elkart, Indiana, USA) has been described in detail elsewhere [4] . Sampling was through a doublelumen cannula sited in a forearm vein and with heparin (50 units/ml) and disodium EDTA (0.02 tool/l) in saline (0.154 tool/l) pumped down the outer lumen of the cannula to prevent coagulation. Continuous blood glucose results were obtained 90 s after sampling and passed to a computer controlled infusion system with options to infuse saline (0.154 tool/l), insulin (80 units/500 ml of a plasma expander; Haemaccel-R, Hoechst Pharmaceuticals, Hounslow, UK) or glucose (200 g/l) through a second cannula in the antecubital fossa of the same arm. Insulin infusion was determined by two sets of algorithms programmed to keep glucose concentrations between 4 and 6 mmol/l [4, 13, 14] .
Procedure
Patients took their usual insulin and diet up to and including the evening before study. At 07.30 h after an overnight fast, three in-dwelling IV cannulae (17 gauge, Venflon, Viggo AB, Helsinborg, Sweden) were inserted, one into each antecubital vein and one into a forearm vein. The second antecubital cannula was used for intermittent free flowing venous blood sampling. The diabetic subjects were studied on two occasions with a minimum 3 weeks between studies. During one study, patients were under normoglycaemic feedback control using the GCIIS. Feedback control was commenced after basal blood samples had been taken immediately before breakfast. During the other study, the GCIIS was used only to monitor blood glucose concentration under SC insulin therapy. On this occasion, patients received their usual SC insulin therapy immediately before breakfast and, where appropriate, before the evening meal. Breakfast was eaten after fasting blood samples were taken at 08.25 and 08.30 h. Blood samples were then taken half hourly until 20.00 h with lunch at 12.00 h, dinner at 18.00 h and a snack at 10.00 h with patients receiving their usual intake of protein, fat and carbohydrate, and identical meals on the two study days. Breakfast contained 3040 g carbohydrate as did the other main meals; while the snack contained 10 or 15 g carbohydrate. Normal subjects ate similar meals with the same average carbohydrate content. Total caloric intake ranged from 1600 to 2 200 Kcal/day. Approximately 9 ml blood was taken at each sample time: 1.5 ml was mixed with 5% (v/v) ice-cold perchloric acid and refrigerated immediately; 2 ml was allowed to clot and the serum stored at -20 ~ C for subsequent insulin and growth hormone assay; 2,25 ml was added to 0.25 ml aprotinin solution (2,500 units, Trasylol, Bayer) containing disodium EDTA (100 mmol/1) and the plasma separated and stored immediately for glucagon assay, while the rest was taken into heparin and the plasma used for non-esterified fatty acid (NEFA) measurement. As described below, glucose turnover experiments were performed between 16.00 h and 18.00 h in five diabetic and five control subjects.
Methods
The perchloric acid extract was analysed within 24 h for glucose (hexokinase method), lactate, pyruvate, alanine, glycerol and 3-hydroxybutyrate using automated enzymic fiuorimetric methods [15] and for acetoacetate [16] using an automated spectrophotometric technique. Plasma NEFA were assayed by a radiocobalt method [17] , growth hormone and insulin by double-antibody radioimmunoassays [18, 19] . In diabetic subjects the insulin assay was modified to measure 'free' insulin after polyethylene glycol precipitation of plasma [20] . Glucagon was estimated by radioimmunoassay using antiserum kindly provided by Dr. L. Heding [21] and triglyceride enzymatically [22] . Cortisol was measured at 90 min intervals by a competitive protein binding assay [231.
Radioisotopic Glucose Turnover
This was estimated in five of the normal and five of the diabetic subjects. A bolus IV injection of 50 gCi 3-3H-glucose (Radiochemical Centre, Amersham, Bucks, UK, batches 16 and 17) and 25 ]xCi 1-14C-glucose (Radiochemical Centre, batches 31 and 32) was given at 16.00 h. Frequent blood samples were taken into heparinised tubes over the subsequent 2 h and the plasma separated and stored at -20 ~ C for the assay of glucose, measurement of radioactivity and subsequent calculation of specific activity. Plasma was deproteinised with barium-hydroxide: zinc-sulphate and passed through a column containing ion exchange resin AG2-X8/B (Biorad Laboratories, Richmond, California, USA). An aliquot of the eluate was freeze-dried and 3H and a4C counted in a liquid scintillation counter using an external standard to correct for efficiency and overlapping. Standards passed through the columns showed a recovery of at least 94%. Aliquots of the injected material were assayed in the same way. A second aliquot of the column eluate was used for the determination of glucose concentration [15] . A third aliquot of the eluate was used to determine a4C recycling from position 1 to position 6 by the method of Reichard et al. [24] . The a4C specific activity in position 6 was then multiplied by five as suggested by Forbath et al. [25] to yield an estimate of the amount of 14C recycled in the entire glucose molecule.
Radioactive glucose recycling, as defined by Streja et al.
[261, was estimated by two methods: first by the difference between glucose turnover calculated by the 3H-glucose method and that by the 14C-glucose method not corrected for recycling; second by the difference between the glucose turnover given by the uncorrected 14C-glucose method and that of the 14C-glucose corrected for recycling. The values for glucose turnover were given by the following formula: Glucose turnover = injected dose So glucose specific activity dt according to Shipley and Clarke [27] .
Statistical Methods and Calculations
Results are presented as mean + SEM. Total ketone bodies refer to the sum of the 3-hydroxybutyrate and acetoacetate concentrations. Significant differences between the individual values for each time have been assessed by Student's paired and unpaired t-tests. For individual patients, the 17 half-hourly values from 12.00 h (a time when normoglycaemia was achieved in all patients by the GCIIS) to 20.00 h for the metabolites and for the hormones have been averaged. Significant differences between the means of these average diurnal concentrations in each group have been sought using the Mann-Whitney U test. Plasma insulin values are presented as mean values for four successive pooled 30 rain samples from 12.00 h to the end of the study. Ketone body concentrations are log normally distributed and hence were log transformed before statistical analysis.
Results
Blood Glucose Concentrations and Insulin Delivery
The mean blood glucose profiles for diabetic subjects during GCIIS and their usual SC insulin therapy are shown, together with values from normal subjects, in Figure 1. Pre-breakfast glucose values for the diabetics were comparable on the two occasions and higher than normal. Using the GCIIS, normoglycaemia was achieved within 3.5 h and a normal profile maintained thereafter. In both normal and diabetic subjects, a greater increase in the blood glucose level was observed after the evening meal than after the midday meal. Their usual SC insulin therapy was Characterised by an excessive rise in glucose after breakfast, followed by a slow decrease throughout the day to reach a nadir in the late afternoon but after the evening meal there was again an excessive rise.
Over the entire study period during feedback control, the artificial pancreas delivered an average of 65 + 10 units insulin. Of this, 36 + 8 units were required to achieve normoglycaemia within the first 3.5 h (Fig. 1) . There was also a significantly higher insulin delivery during the evening meal than during the midday meal. No glucose was infused by the GCIIS in any patient. The basal infusion rate over the 2 h preceding the evening meal was 1.95 ___ 0.55 units/h. The fasting levels of blood lactate and pyruvate were elevated in the diabetic patients during both studies and remained high throughout the day, particularly after meals (Fig. 2) . This was true both for feedback control and conventional therapy. There was an increase in blood lactate and pyruvate during the initial phase of feedback control synchronous with the sharp fall in blood glucose concentration. The mean value of lactate and pyruvate over the final 8 h was 25% higher in the diabetic than in the normal subjects, with no difference between the two therapeutic regimens (Table 2 ). No differences were found, however, in the diurnal profiles of blood alanine and of the lactate/pyruvate ratio between any of the groups ( Table 2 ). The mean 8 h value of the alanine/pyruvate ratio during GCIIS treatment was significantly decreased in comparison with normal subjects, but not in comparison with SC insulin therapy.
Blood Glycerol, Plasma NEFA and Serum Triglyceride Concentrations
In the normal subjects, blood glycerol and plasma NEFA concentrations showed two peaks, one before lunch and one before the evening meal (Fig. 3) . In the Time (h) Fig.2 . Diurnal pattern of blood lactate and pyruvate concentrations in normal subjects (A A ), diabetic patients during SC insulin therapy ( 9 9 and on the artificial pancreas (O-----O). Large arrows: meals, small: snack. * significant differences (p < 0.05) between normal and diabetic subjects on artificial pancreas, and [] p < 0.05 between normal and diabetic subjects on SC insulin therapy diabetic patients during both SC insulin therapy and GCIIS control, these pre-prandial peaks were significantly reduced or absent (Fig. 3) . Values tended to be lower during feedback control than during SC therapy. The mean 8 h values of the two metabolites were also lower in the diabetic compared with the normal subjects (Table 2) but differences between the two insulin regimens were not significant. Serum triglyceride concentrations were significantly higher during artificial pancreas control in the diabetic compared with the normal subjects (Table 2) . These measurements were made in only six diabetic patients. Results expressed as mean _+ SEM. Pooled samples were used from four successive 30 min periods. Values in diabetic patients were significantly higher than in normal subjects at all times (p < 0.01 to p < 0.001). Values were not significantly different in the diabetic patients on the two forms of therapy
Blood Ketone Body Concentrations and the 3-Hydroxybutyrate/Acetoacetate Ratio
The blood total ketone body concentrations are shown in Figure 4 . Values have been plotted on a logarithmic scale as it has been shown previously that ketone bodies are log normally distributed [28] . It can be seen that in normal subjects there are again pre-prandial peaks with the largest one before the evening meal. These peaks occurred simultaneously with the peaks in glycerol and NEFA. The fasting basal value of blood ketone bodies in the morning was significantly increased in the diabetic subjects but rapid normalisation was achieved with both treatment schedules. During both GCIIS control and SC insulin therapy, the diabetic patients showed a physiological pre-evening meal peak not significantly different from that found in normal subjects. However, after both the midday and the evening meals the circulating levels of ketone bodies were significantly higher in the diabetic group compared with the normal subjects, without differences between the two insulin regimens. The mean 8 h values were similar in the three groups. 
Plasma Insulin Concentrations (Table 3)
It can be seen that values for the 90 min of the midday meal were increased nearly threefold in the diabetic patients during SC insulin therapy and fourfold during GCIIS therapy. In the post-absorptive period preceding the evening meal, values were lower but still fourfold higher in diabetic than in normal subjects. The increment in insulin values was less during the evening meal than during the midday meal.
Serum Growth Hormone, Plasma Glucagon and Plasma Cortisol Concentrations
During both GCIIS and SC insulin therapy, the diabetic patients showed a significantly higher mean 8 h value of growth hormone compared with the normal subjects (Table 2) . Surprisingly, the mean 8 h glucagon value, although slightly higher, was not significantly different between diabetic and normal subjects and there was no difference between GCIIS and SC therapy (Table 2) , although data from only six diabetic patients are available.
However, values during the afternoon were higher in diabetic than the normal subjects (at 16.00 h: 18 _+ 4 pg/ml in normal subjects and 33 _+ 8 and 39 + 11 pg/ml in diabetic patients on GCIIS and SC therapy, respectively).
Plasma cortisol values were measured at 90 min intervals from 12.00 h onwards. No significant differences were found between groups (Table 2) .
Glucose Turnover and Recycling (Table 4)
Five diabetic patients on both SC insulin therapy and on feedback control were compared with five normal subjects. One of the prerequisites for the use of the stochastic analysis and the Stewart Hamilton equation to calculate the rate of glucose production and disposal is a steadystate condition [27] . For this reason, the post-absorptive period of 2 h just before the evening meal was chosen. During this period, a steady-state blood glucose was found in the normal subjects, in the diabetics during treatment with GCIIS for the last 90 rain ( < 5% variation) and also in three of the diabetics during SC insulin therapy. In the other two diabetic patients (nos. 1 and 4), the plasma glucose value in the 2 h period just before the evening meal decreased slowly with a decrement of 20-25% in comparison with the blood glucose concentration observed at the time of the labelled glucose bolus injection. These two subjects have been included as the results during SC insulin therapy were identical with those of the other three patients. One further subject was studied during SC therapy only. Glucose remained within 10% of the starting value. Total glucose turnover was 0.86 (14C method) and 0.82 (3H) mg. kg -~ . min -1, and recycling was 8.1 and 3.6% respectively. Glucose was never found in the urine of our subjects during the 2 h period of study; thus, the rate of disappearance of glucose can be considered to be the rate of tissue uptake and equivalent to the rate of glucose appearance in steadystate glucose condition.
Total glucose turnover in the diabetic patients during the artificial pancreas feedback control was similar to that of the normal subjects, whereas during SC insulin therapy there was a significant decrease in total glucose turnover both in comparison with values obtained du- ring feedback control and with the normal subjects (Table 4) . Two different methods were used to estimate glucose turnover and it can be seen that there was close agreement between the two methods. Both methods showed a marked decrease in glucose recycling during feedback control, despite normoglycaemia and normal total glucose turnover. Glucose recycling was decreased to a similar extent during SC insulin therapy.
Discussion
Our results confirm previous reports [7, 29] that in diabetes both blood glucose levels and overall glucose turnover [6, 29] can be made almost normal by feedback control using an artificial pancreas. This is difficult to achieve with subcutaneous insulin therapy even when the insulin is administered two or three times a day, and was notably deficient in our subjects. Even using preprogrammed subcutaneous insulin infusion when normal mean glucose levels have been reported [30] , the variation of values about the mean remains abnormal.
The highest blood glucose levels were observed after the evening meal in both normal and diabetic subjects, despite similar carbohydrate intake to the earlier main meals. Insulin delivery by the artificial pancreas was higher during this period, confirming the many studies [31, 32] that illustrate a diminished glucose tolerance during the afternoon compared with the morning.
In both the present as well as in previous studies [10, 33] , we have found elevated lactate and pyruvate concentrations in diabetic patients treated with subcutaneous insulin. Despite the good control of blood glucose during the normoglycaemic clamp with the artificial pancreas, levels of lactate and pyruvate remained consistently higher in diabetic than in normal subjects over the study period. The post-meal increments in blood lactate were, however, similar to normal in the diabetic patients on feedback control, as previously reported by Zinman et al. [11] . This suggests that the abnormality in lactate metabolism lies in the 'set' of the hasal level, which will be dictated by the balance between extra-hepatic production and hepatic uptake. A highly significant correlation between peripheral insulin concentration and rise in lactate and pyruvate has been reported in non-diabetic man after glucose loads [34] , and between diurnal insulin and lactate levels during 24 h monitoring [33, 35] . The raised circulating levels of these intermediate metabolites in Type I diabetic patients has been credited to excessive insulin-induced hepatic glycolysis [10] , but meal time increments were normal in the GCIIS patients, so that a relative increase in peripheral production is more likely. A similar degree of hyperlactataemia has also been found in diabetic subjects with blood glucose clamped at twice normal values [35] . Of the other gluconeogenic precursors, pyruvate followed the same pattern as lactate, whilst alanine levels were normal during GCIIS treatment in contrast to previous reports [12] . In patients treated with subcutaneous insulin, basal lactate levels are elevated, with the most dramatic changes occurring following the combination of a meal with insulin therapy [331.
The amounts of insulin infused by the artificial pan-creas to maintain normoglycaemia are similar to those reported previously [29] . Our plasma insulin measurements show elevated circulating free insulin concentrations in diabetics treated with a closed loop system, confirming the findings of Horwitz et al. [37] and Hanna et al. [12] . Values were also increased with subcutaneous insulin therapy but were less appropriate for meals. Feedback control of blood glucose by the artificial pancreas is therefore characterised by excessive levels of circulating insulin in the periphery. This would explain the lower than normal values of NEFA and glycerol during both GCIIS control and subcutaneous insulin therapy due to inhibition of lipolysis. These findings are also consistent with the report of Tchobroutsky [38] , using an open-loop system, that four-to fivefold increases in peripheral insulin concentration are required to achieve normoglycaemia. The reason may lie in the route of delivery of insulin. Thus, insulin is normally delivered into the portal vein and a significant proportion extracted by the liver, resulting in a two-to fourfold gradient between portal and peripheral blood in the basal state [39, 40] rising to tenfold or more after arginine or glucose.
The glucose turnover values in healthy subjects in the late afternoon are similar to those obtained by Bowen and Moorhouse [41] for the early evening, although lower than those reported in the morning [42] . In the diabetic patients, use of the feedback system resulted not only in a normal blood glucose level, but also in normal glucose production and utilisation rates in the post-absorptive state. Use of subcutaneous insulin therapy, on the contrary, was characterised by an excessive inhibition of hepatic glucose production in the post-absorptive state of the late afternoon. This is the time at which the commonly used intermediate acting insulins have their peak effect.
Glucose recycling was decreased during both subcutaneous insulin therapy and normoglycaemic artificial pancreas control. The methods used to measure radioactive glucose recycling underestimate the true glucose recycling because of the exchange of 12C and 14C in the oxaloacetate pool, a pool which is shared by the tricarboxylic acid cycle and the gluconeogenic pathway in the kidney [43] and presumably also in the liver. There is no data available to show whether the results from normal and diabetic subjects would be affected in a similar way, although equally there is no reason to suppose that they would differ. There may be, therefore, over-insulinisation of the liver with decreased uptake of gluconeogenic substrates and decreased Cori cycle activity. This could also explain the raised basal lactate levels, although it should be emphasized that we have no information on portal insulin values. The results from the subcutaneous insulin-treated patients should be reviewed with caution because of the difficulty in obtaining a steady state. However, we have confirmed recently these findings in conscious dogs, where we found that glucose turnover could be made normal with peripheral insulin infusion at the expense of suppressed glucose recycling. In contrast, both turnover and recycling could be rendered normal with intraportal insulin delivery [44] . A recent report by Rizza et al. [45] , also using the conscious diabetic dog, showed that normal glucose turnover could be obtained with both peripheral and portal insulin infusion in association with normoglycaemia achieved with a Biostator. However, glucose recycling was not measured.
With regard to the counter-regulatory hormones, plasma cortisol and glucagon values were near normal in the diabetic subjects with both treatment regimes, although values of the latter were raised in the late afternoon. Growth hormone levels were also significantly elevated during the late afternoon. It is possible that a longer period of normal control would achieve a completely normal hormonal profile. Even in the short term, the minor abnormalities in hormone secretion are probably not of great pathogenic significance. Others have also reported almost normal glucagon values under these conditions [12] .
Thus, our data demonstrate that although fine control of glucose metabolism, both in terms of circulating concentrations and rates of production, can be achieved acutely by the artificial pancreas, the peripheral route of insulin infusion does not rectify the abnormalities in lactate and pyruvate metabolism, glucose recycling or lipolysis seen with routine (not optimised) conventional therapy. It is possible that delivery of insulin into the peripheral circulation may normalize diurnal glucose concentrations in diabetic subjects only if associated with levels of peripheral insulin so much elevated that the concentrations in the hepatic artery become similar to those seen in the portal vein in normal subjects.
It is possible that changes in the programming of the GCIIS might modify this need for peripheral hyperinsulinaemia or, more important, that longer term normoglycaemia may be associated with progressive normalization of intermediary metabolism. It is also possible that acute normalisation of blood glucose influenced the later results. At present, it remains unknown whether 'total' normalisation of metabolic homeostasis is necessary to prevent the long-term sequelae of diabetes. Until this information is available, it would seem wise at least to investigate alternative routes of insulin delivery.
